Summary. Branchial chloride cells, which actively take up ions in the gills of freshwater fish, were studied in tilapia (Oreochromis mossambicus) exposed to sublethally acidified freshwater. Structural damage of cells, resulting in cell death by necrosis, only occurred transiently, when the reduction of water pH was acute rather than gradual. The most prominent effects of water acidification were the rapid increase in the number of chloride cells and the changes in frequency of the different stages of the chloride cell cycle. In the opercular inner epithelium, a twofold increase in cells occurred 48 h after gradual acidification. Cell density stabilized after 4 weeks at a level 5 times that of control fish. Four transitory stages were distinguished in the chloride cell cycle: accessory or replacement cells, immature, mature, and degenerating (apoptotic) cells. In control fish, mature chloride cells dominated (over 50%) with immature and apoptotic cells totalling about 40%. After 4 weeks in acid water, only 13% of the cells were mature. Immature and apoptotic cells dominated, each representing about 40% of the total number of chloride cells. Mature cells apparently age rapidly under these conditions. Thus, chloride cells turn over quickly in acid water, with a minor increase in ion transport capacity of the gills. This conclusion is supported by the observation that opercular and branchial Na +/K + ATPase activities in treated fish are only 40%-50% higher than in controls. 
ter fish has been elegantly demonstrated to be located in the chloride cells (Foskett and Scheffey 1982) , and the importance of these cells is well known, the ionabsorptive function ascribed to these cells in freshwater fish has been shown only indirectly. These cells have been described as rudimentary in freshwater fish (Foskett et al. 1981) . However, more recent physiological, biochemical and ultrastructural studies have established a close relationship between freshwater chloride cells and the uptake of monovalent and divalent ions (Payan et al. 1981 ; Flik et al. 1985a; Mayer-Gostan et al. 1987) . Furthermore, these cells show adaptive changes such as cell proliferation when the ion balance is disturbed by reduced water ion levels or by various types of water pollution, including water acidification (McDonald 1983; Leino and McCormick 1984; Laurent et al. 1985; Avella et al. 1987) . Few studies describe the structural changes associated with increased activity and turnover of chloride cells in freshwater fish.
Teleost chloride cells are structurally characterized by many small mitochondria and an extensive system of small branching and anastomosing tubules, where ion-transporting enzymes such as Na+/K+-ATPase, Na +/H + -ATPase and transport Ca 2 +-ATPase are located (Hootman and Philpott 1979; Flik et al. 1985 b; Balm et al. 1988) ; the tubules have a lumen that is continuous with the extracellular space via orifices in the basolateral cell membrane (Sardet et al. 1979; Laurent and Dunel 1980) . Vesicles are present between the apical membrane and the tubular system in the apical cytoplasm (Pisam 1981 ; Laurent 1984) . This structure is typical of chloride cells of fish from freshwater and seawater. The presence of accessory cells is considered typical of seawater fish (Dunel-Erb and Laurent 1980; Chr6tien and Pisam 1986; Pisam et al. 1988 ). On the other hand, these cells have been interpreted as immature differentiating chloride cells (Sardet et al. 1979; Hootman and Philpott 1980) . In an earlier study on tilapia (Wendelaar Bonga and Van der Meij 1989), we found accessory cells in freshwater fish, albeit in very low numbers. We suggested that m a t u r e chloride cells differentiate from accessory cells in b o t h freshwater and seawater fish, and that the high frequency o f accessory cells in seawater was caused by increased cellular turnover. The higher n u m b e r o f accessory cells was a c c o m p a n i e d by a higher incidence o f chloride ceils that were degenerating by apoptosis. I f the structural diversity o f the chloride cells is indeed related to the t u r n o v e r rate o f the chloride cells rather t h a n to the ionic c o m p o s i t i o n o f the water, the changes typical o f fish transferred from freshwater to seawater will also occur when t u r n o v e r has increased after acidification o f freshwater.
We used the African cichlid fish Oreochromis mossambicus (tilapia), a h a r d y euryhaline teleost, that was exposed to sublethal acidification o f the water. In a preliminary report, we have shown that this treatment leads to a r a p i d proliferation o f the chloride cells in response to the o s m o r e g u l a t o r y stress i m p o s e d (Wendelaar B o n g a and Dederen 1986).
There have been few studies on the ultrastructure o f chloride cells o f acid-stressed fish, a n d these are mainly limited to observations on fish from n a t u r a l acid water, p r o b a b l y c o n t a m i n a t e d with a l u m i n u m or other toxic cations, or on fish exposed to water with a p H close to the lethal level (Chevalier et al. 1985; Leino et al. 1987 ). The present observations on tilapia deal with fish exposed to a sublethal p H level that has been shown to represent substantial stress for the fish (reduced g r o w t h and r e p r o d u c t i o n ) , but that is tolerated for at least 6 m o n t h s without increase in m o r t a l i t y (Flik et al. 1989 ).
Materials and methods
Sexually mature male and female tilapia (Oreoehromis mossambicus; formerly Tilapia mossambica and Sarotherodon mossambicus) of 15-25 g body weight were obtained from laboratory stock. They were kept in 200 1 aquaria containing tap water, at 25°C with a daily 12-h photoperiod. The water was continuously circulated through charcoal filters. The concentrations of the water (in raM) were: Na +, 5.0; K +, 0.06; Ca 2+, 0.8; Mg 2+, 0.2; CV, 4.2; SO42-, 0.5; pH, 7.6. Water pH was lowered from pH 7.6 to pH 4.5 by adding dilute H2SO4 with a multichannel pump either acutely (in 10 rain) or gradually (over 4 h). During acidification, the water was well aerated. During the exposure period, water pH was adjusted with NaOH o r H 2 S O 4 using Radiometer pH-stat equipment. The ammonia concentration of the water (ammonia secretion increased rapidly during the first few days in acid water) was monitored daily and kept below 0.5 rag/1 by replacing some of the water. The concentration of aluminum was determined in a Plasma IL 200 Thermo Electron atomic emission spectrometer, and amounted to 21 ~tg/1.
Groups of 7 fish were exposed for 48 h or 1, 4 or 6 weeks to pH 4.5, and subsequently anesthetized with methoxyethanol. Blood was collected in heparinized hematocrit tubes from the caudal blood vessels after severing the tail. Plasma osmolarity was determined in a Vogel micro-osmometer. Plasma sodium and calcium were measured by flame photometry (Model IV Auto-analyzer, Technikon). One branchial operculum of each fish was removed and incubated for 1 h in a well-aerated 2 pM solution of 2-(dimethylaminostyryl)-l-ethylpyridiniumiodine (DASPEI), which stains the mitochondria-rich chloride cells (Bereiter-Hahn 1976) . After rinsing, the inner opercular epithelium was examined in a Zeiss fluorescence microscope at a magnification of x 250. Because of the complexity of the gill structure, the number of chloride cells is difficult to estimate. We therefore present the number of chloride cells per surface area of the inner opercular epithelium; this value is considered to reflect total branchial chloride cell numbers (Foskett et al. 1981) . Cells were counted in 20 different squares of the opercular epithelium with a total surface area of 5 mm 2 per fish. The data were statistically analyzed using Student's t-test.
Gill filaments were dissected and fixed for electron microscopy as described (Wendelaar Bonga and Van der Meij 1989) . Chloride cells were examined in the interlamellar areas of the filamental epithelium. The percentages of accessory, immature, mature, apoptotic and necrotic chloride cells were determined on the basis of the classification of 100 chloride cells per animal, in groups of 6 fish. These percentages were determined for control fish and for fish exposed to acid water for 1 or 4 weeks.
For determination of the Na +/K +-ATPase activity of opercula and gills, groups of 8 fish (a control group from water of pH 7.6 and a group exposed to pH 4.5 for 4 weeks) of 20 + 1 g body weight were quickly anesthetized in a TRIS-buffered (pH 7.4) MS-222 solution. The bulbus arteriosus was cannulated and the branchial apparatus was perfused with ice-cold isotonic saline containing heparin (20 U-ml-~) to remove the blood cells from the gills. Additionally, 0.2 mM phenylmethylsulphonyl fluoride, a protease inhibitor, was added to the perfusion fluid to increase enyzme recovery. The epithelium of the gills and the inner epithelium of the opercula was scraped off onto an ice-cold glass plate with a glass microscope slide. The subsequent preparative procedure and the Na+/K +-ATPase assay were performed as described by Flik et al. (1983) .
Results

Freshwater controls
General structure. The gill filament is covered by an epithelium consisting o f 2-4 layers o f flattened epithelial cells (pavement cells), with occasional m u c o c y t e and m a n y chloride cells. The latter cells are m a i n l y concentrated in the filamental epithelium between the respiratory lamellae. The layers o f filamental epithelial cells are separated in m a n y places b y l y m p h spaces that m a y contain different types o f leucocytes.
Chloride cells. M a n y chloride cells display the structure typical o f teleost fish with n u m e r o u s m i t o c h o n d r i a and a well-developed t u b u l a r system. The apical m e m b r a n e Wyllie et al. 1981 ) are found in lysosomelike bodies. In control fish, apoptotic cells are common, although the final stages of apoptosis are rarely encountered. This also applies to cell death by necrosis, which is characterized by swelling of the cytoplasm and cytoplasmic organelles and rupture of cellular membranes. The numerical densities of chloride cells determined in the DASPEI-stained inner opercular epithelium of controls and acid-exposed fish are shown in Fig. 6 , and mi- 
Acid water
Two days. Exposure to acid water for 2 days induced structural damage in both pavement cells and chloride cells: the incidence of necrosis of these cells, which is uncommon in control fish (less than 1% of the chloride cells) increased (Figs. 7, 9 ). However, in acid-exposed fish, the frequency of necrosis was strongly related to the initial rate of reduction of water pH. Tissue damage was substantial when the drop in water pH took place in less than 10 min, and comprised 10%-20% of the branchial chloride cells. The percentage of necrotic cells was less than 5% when acidification of the water occurred more gradually (2 h). Under these conditions, the chloride cell density after 2 days was significantly higher (P<0.01) than in the controls and in the fish exposed to acute acidification (Fig. 6) . Moreover, the numbers of accessory cells and apoptotic cells notably increased. Mature chloride cells were observed less frequently than in controls (Fig. 7) . The lymphoid spaces between the epithelial cells were markedly enlarged when compared to those of the control fish, and contained various types of white blood cells, including macrophages. As shown in Table 1 , plasma osmolarity and sodium were reduced after 2 days in acutely exposed fish, whereas these parameters were unchanged in the other experimental groups.
One week. The density of opercular chloride cells increased twofold over control values in fish acutely exposed to acidified water. In the fish from gradually acidified water, a threefold increase was found (Figs. 6, 8 a, b) . Estimates of the number of cells in the interlamellar area indicated a similar increase of chloride cells in the epithelium covering the gill arches (Fig. 2) . Ultrastructural examination of the filamental epithelium showed that the percentage of accessory chloride cells had increased to twice that of the controls (about 12% ; Figs. 3, 7, 12) . The number of immature and apoptotic chloride cells showed a similar increase as the accessory cells, to about 30% and 45%, respectively (Figs. 7, (10) (11) (12) (13) . However, the number of mature chloride cells amounted to less than 10%, compared with more than 50% in the controls (Fig. 7) . In most of the mature chloride ceils, the granular endoplasmic reticulum and free ribosomes were more frequent than in the mature cells of control fish (Fig. 5 ). All phases of apoptosis were commonly found: cells showing the first symptoms of cytoplasmic densification, without apical crypt, but apically in contact with the water (Fig. 10) ; more condensed cells, with swollen tubular systems that were separated from the water by pavement cells; fully condensed cells, phagocy- tosed by macrophages, but still recognizable as chloride cells (Fig. 11) ; and large electron-dense phagosomes in macrophages, probably representing apoptotic remnants of chloride cells (Fig. 12) . Necrosis was rarely observed (Fig. 7) . Plasma osmolarity, sodium and total calcium levels in the acid-exposed fish were not significantly different from the controls.
Four and six weeks. After prolonged exposure to acid water, the chloride cells had further increased in number, and showed a fivefold rise compared with the controls (Figs. 6, 8c) . No difference in numerical chloride cell density was noticeable between the fish that were acutely or gradually exposed to acid water. The percentage of accessory chloride cells was also above the control level, although lower than after 1 week in acid water (Fig. 7) . The percentage of immature cells had slightly increased and that of the apoptotic cells decreased when compared with values on day 7, but both cell phases dominated (40% each). The percentage of mature cells was similar to that at day 7 and was thus low in comparison with control fish. Necrotic cells were rarely found. No differences were observed between fish exposed for 4 or 6 weeks.
Plasma osmolarity, sodium and total calcium levels of the acid-exposed fish were not significantly different from the control levels (Table 1) . Na ÷/K ÷-ATPase activity was determined for the gill arches and for the inner opercular epithelium of fish exposed for 4 weeks to pH 4.5, and of controls (Fig. 14a,  b) . Specific enzyme activity was not significantly increased, in contrast to total enzyme activity per fish. However, the increase in total enzyme activity was limited to 50% for the gills and to 40% for the opercula. Total enzyme activity of the gills was 5-6 times that of the opercula in both groups. total (b Vtotal) Na +/K +-ATPase activity of gills and inner opercular epithelia of control fish (pH 7.6) and fish exposed for 4 weeks to acid water (pH 4.5). Wtota I is defined as the product of Vspec and total protein per fish (mg) in the initial homogenate of the branchial and opercular epithelia; n = 8
D i s c u s s i o n
Water acidity and structural tissue damage
Structural damage of the gills of fish exposed to pH 4.5 is limited. Substantial damage is only found immediately after acute acidification and not after a gradual drop in water pH, and can therefore be ascribed to the method of acidification rather than to low water pH itself. Acute acidification promoted necrotic degeneration of chloride cells, and this may explain the transient reduction in the number of opercular chloride cells observed after 48 h in fish acutely exposed to low pH. After gradual (acc.) ; the apoptotic chloride cell remnant is digested in the macrophage acidification, necrosis was infrequent and, in the first few days after acidification, no decrease in chloride cell numbers was observed. After 4 or 6 weeks at pH 4.5, necrosis was back to control levels. Thus, except for the transient increase in necrosis after acute pH reduction, no apparent tissue damage was noticed. Exposure to pH 4.5 only has minor effects on plasma osmolarity, sodium and total calcium levels. Statistically significant reductions are limited to the acutely exposed fish, and therefore may be caused by the structural damage observed in these animals. Apparently, the fish are able to maintain osmotic and ionic balance after gradual pH reductions.
Few reports on the effects of low pH on gill morphology are available. In line with our results, Jagoe and Haines (1983) and Leino and McCormick (1984) have found that fish, exposed to acidified water above the pH level that causes acute mortality, show little alteration in gill morphology. When the fish are exposed to a pH level that leads to severe osmoregulatory disturbances and mortality, however, chloride cells are damaged and reduced in number (Leino et al. 1987) . The severe gill injury reported earlier by Daye and Garside (1976) and Jagoe and Haines 0983) for some salmonid species also concerned fish exposed to lethally acidified water.
The conclusion from the above data, that chronic exposure to sublethal pH levels does not lead to substantial structural damage of the gill epithelium, is seemingly in contrast with the results of Chevalier et al. (1985) . Their light-and electron-microscopic observations of gills of brook trout from acidified (pH 5.5) and nonacidified lakes show extensive separation of the epithelial layer from underlying tissues, deformation of lamellae and degeneration of chloride cells. However, as already suggested by the authors, these effects may be attributed to the high aluminum concentration (more than 10 times that of the water used in our experiments) and the presence of toxic heavy metals in the lake water. Aluminum and heavy metals are known to inflict structural damage to the gills (Mallatt 1985) .
Chloride cell density
A prominent effect of acid-water exposure on tilapia is the dramatic increase in numerical density of chloride cells in both the gills and the inner opercular epithelium. This contrasts with some other studies, in which no effect or even a reduction of total chloride cell number have been reported (Chevalier et al. 1985; Leino et al. 1987 ). However, as mentioned above, these studies involved water acidified to a level that was almost or fully lethal for the species involved, or natural water containing substantial amounts of aluminum and, possibly, other toxic metals. Cell proliferation may have been balanced by cell death under these conditions. In agreement with this suggestion, Leino and McCormick (1984) have reported chloride cell proliferation for fathead minnows in water at sublethal pH and at low concentrations of toxic metals. In the same species, no increase or even a decrease in cell numbers has been noticed at lower pH and in the presence of toxic metals (Leino et al. 1987) .
Ultrastructure of the chloride cells
We have identified accessory, immature, mature and apoptotic chloride cells; we consider these to be successive stages of the chloride cell cycle (Fig. 15) . During exposure to acid water, the frequency of the different stages changes remarkably.
Accessory cells. Accessory cells have been considered either as developing stages of chloride cells (Hootman and Philpott 1980; Pisam 1981) or as a specific cell-type typical for seawater fish (Sardet et al. 1979; Laurent and Dunel 1980; Chr6tien and Pisam 1986) . Lacy (1983) , Leino and McCormick (1984) , Chr6tien and Pisam (1986) and Pisam et al. (1989) have reported the presence of an occasional accessory cell in freshwater fish. We have also found accessory cells in freshwater tilapia, and observed that they become more numerous after transfer of the fish from freshwater to seawater (Wendelaar Bonga and Van der Meij 1989) . The present data show that accessory cells also become more numerous in tilapia exposed to acidified freshwater. This has previously been reported by Leino and McCormick (1984) in their study on fathead minnows. In tilapia, the percentage of accessory cells is correlated with the rate of increase of the total number of chloride cells: a peak is found 2 and 7 days after the start of the experiment, when total chloride cell density increases rapidly. This relationship supports the interpretation of these cells as young stages rather than as a specific type of chloride cell. It is possible that there are different types of accessory cells, since several authors have reported that, in seawater fish or euryhaline seawater-adapted fish, apical cytoplasmic processes of accessory cells interdigitate with the apical cytoplasm of neighboring mature chloride cells (Sardet et al. 1979; Dunel and Laurent 1980; Hwang and Hirano 1985; Chr~tien and Pisam 1986; Pisam etal. 1988; Hwang 1988) . Neither Leino and McCormick (1984) , nor our group have observed this type of interdigitation in fathead minnors or tilapia, respectively. The name "replacement cells" may be more appropriate than accessory cells for these species.
Immature chloride cells. Especially at days 7 and 28, a high percentage of cells show structural characteristics intermediate between those of accessory chloride cells and mature chloride cells. Although the tubular system is still not fully developed in these cells, the apical differentiation suggests that they are functional, although probably at a low level.
Mature chloride cells. Whereas mature chloride cells are the most common cell stage in control fish, they become scarce in acidified water. The percentage reduction of this cell stage indicates that they age more rapidly in acid water than in water of neutral pH. Nevertheless, the fourfold reduction of the percentage of these cells is compensated for by the fivefold increase in total chloride cell numbers; this results in a larger total number of mature cells in fish from acid water than in control fish.
Apoptotic cells. Apoptosis, the most common type of physiologically controlled cell degeneration and death, has been described for many cell types in the higher vertebrates (Wyllie 1981; Bursch et al. 1985) . In fish, it has been reported in cells producing hatching enzyme in pike embryos (Schoots et al. 1983) , and in endocrine cells of the Stannius bodies in tilapia (Wendelaar Bonga and Pang 1986) . In an earlier study, we interpreted the progressive densification of the cells, resulting in the formation of large globular structures, as signs of apoptotic degeneration (Wendelaar Bonga and Van der Meij 1989) . Such dense apoptotic bodies have also been reported by Daoust et al. (1984) in chloride cells of rainbow trout exposed to mercury and copper. In general, apoptotic bodies of epithelial cells are phagocytosed and destroyed either by neighboring epithelial cells or macrophages (Wyllie 1981) . We have only found the involvement of macrophages in this process, both in the present and an earlier study (Wendelaar Bonga and Van der Meij 1989) , although in rainbow trout the pavement cells may occasionally phagocytose apoptotic bodies of chloride cells (unpublished observations). The high incidence of apoptotic chloride cells in fish from acid water is further evidence that mature cells age rapidly when exposed to acid water.
Branchial ion transporting activity
Although the chloride cells of acid-exposed fish show a fivefold increase in number, analysis of the ultrastructure of these cells suggests that the increase in ion-transporting activity of the gills is limited: most of the cells are immature or degenerating. The numerical density of mature chloride cells in the inner opercular epithelium is only slightly higher than in the controls. Since in immature cells the tubular system is poorly developed, and since most accessory and degenerating cells are no longer in contact with the ambient water, the ion-transporting capacity of these cells is considered to be low or absent, respectively. This inference is supported by our observation that, after 4 weeks of acclimatization to acid water, there is only a 40%-50% increase in Na+/K+-ATPase activity per fish, substantially less than might have been expected on the basis of the increase in cell number. Because this increase is mainly accounted for by accessory, immature, and apoptotic cells, we conclude that the Na+/K +-ATPase activity of these cells is low or absent. Hootman and Philpott (1980) , using a cytochemical technique, have not been able to detect Na+/K +-ATPase activity in accessory cells. Thus, the total ion transporting capacity of the gill area has not increased to the extent that might be inferred from the fivefold increase in numerical chloride cell density. This agrees with our recent observation that sodium uptake rates (and also diffusional sodium losses) of tilapia exposed for 6 months to water of pH 4.5 are lower than in controls (Flik et al. 1989) . In these fish, the chloride cell density of the inner opercular epithelium is four times that of the controls (unpublished observations).
The above data indicate that the ion-transporting capacity of the gills is related to the total number of mature chloride cells rather than to the total number of chloride cells. This limits the value of data obtained with DASPEI staining or with other fluorescent dyes used for chloride cell quantification that demonstrate mitochondria-rich cells. A high density of mitochondria is also found in accessory and immature cells still lacking a well-developed tubular system. The total number of fluorescing cells is therefore not directly related to the ion-transporting capacity of the gills.
The large number of immature and degenerating chloride cells suggests a dramatic increase in cellular turnover. The functional lifetime of a mature chloride cell is probably more limited in acid water. This interpretation is supported by our earlier observations on chloride cells of tilapia during and after transfer of the fish from freshwater to seawater (Wendelaar and Van der Meij 1989). In general, the changes observed are qualitatively similar to those reported in this study: more accessory cells and immature cells, and a higher incidence of cellular degeneration by apoptosis. Tondeur and Sargent (1979) have shown, by tritiated thymidine labeling, that the turnover of chloride cells of eels in seawater is twice that in freshwater. The structural diversity of the chloride cells seems to be primarily determined by the rate of cellular turnover.
